A s populations in both developing and developed countries become increasingly urbanized~United Nations, 2010!, the preservation of the ecosystem goods and services needed by these populations becomes paramount, particularly those services~such as flood mitigation! that cannot be easily or cheaply satisfied in the rural hinterlands of the urban core~Van De Meene and Brown, 2009!. Ecosystem goods and services include products such as food, fuel, and fiber, and functions that are useful to society @e.g., for flood protection, water filtration, and carbon sequestration~Mil-lennium Ecosystem Assessment, 2003!#. Green infrastructure is broadly defined by the Conservation Fund~2011! as intentional, managed networks of green space that conserve ecosystem values and functions and provide ecological services of benefit to human populations. Once the need for these goods and services is understood, decision makers must identify areas and land uses that are compatible with these provisions~Polasky et al. However, as cities grow and develop, economic concerns such as property values! can create tension when trying to balance adequate open space with housing density, retail and commercial developments, and transportation needs Erickson, 2006 !. If infill is emphasized in land-use planning~usually in smart-growth plans!, there may be insufficient open-space areas to provide storm-water detention services for local communities, and problems~such as flooding! may occur. In suburban areas, most impervious surfaces~roofs, driveways, and sidewalks! are connected to storm-water infrastructure, and lawns may not allow for enough storm water to infiltrate after heavy storms. For these urban and suburban areas, parcel-scale retrofits may be the most practical approach for adding sufficient green infrastructure that in turn provides storm-water detention capacity. These retrofits can include green roofs, porous pavement parking lots, rain gardens and rain barrels, and as a group are generally called storm-water management practices~formerly referred to as Best Management Practices or BMP! for retrofit installations and low-impact development for new development @Spatari, Yu, and Montalto, 2011; United States Environmental Protection Agency~USEPA! 1999, 2009#.
The urban hydrologic cycle is dominated by runoff, which results from impervious surfaces that impede recharge of subsurface water sources, disturb the natural base and peak flows of receiving waters, and can dramatically alter nutrient concentrations, water quality, and overall stream health Konrad and Booth, 2005; Pataki et al., 2011; Shuster et al., 2005; One approach for mitigating runoff is to retrofit catchment areas with intentional infiltration beds or other forms of detention, to disconnect impervious surfaces from the rest of the catchment and conveyance infrastructure, and to otherwise contain runoff at small spatial scales where flow rate and total volume are still tractable~Brabec, Schulte, and Richards, 2002; Walsh, Fletcher, and Ladson, 2005!. There are numerous management opportunities to mitigate runoff in residential areas where there is a mixture of impervious and pervious subareas, and a potential to change the routing of runoff from connected impervious areas~e.g., rooftops! to pervious or otherwise infiltrative sinks~such as rain gardens!. Although hydraulic routing may seem straightforward, this decentralized approach involves implementing stormwater management on private property. Voluntary incentives can circumvent property-rights issues while providing a forum for engaging citizen landowners in storm-water management~Parikh et al., 2005!.
Cincinnati, Ohio, provides an example of a municipal sewer district that may benefit from decentralization of stormwater management. With increased urbanization and impervious surfaces, flooding became a pronounced problem in the greater Cincinnati urban area. The US Army Corps of Engineers was first instructed over 40 years ago by the US Congress to help minimize the flooding problems in Cincinnati, particularly along the Mill Creek~Klepal, 2001!. Three major flooding events in the late 1990s and in the 2000s prompted renewed calls for solving both the waterquantity problem~too much water! and the water-quality problem posed by an antiquated combined sewer overflow infrastructure. The solution submitted by the Corps of Engineers was an underground tunnel, 16 miles~26 km! long and 30 feet~10 m! wide, to run under the existing, impounded Mill Creek. The size of the tunnel was based on the estimated volume of storm water from a 100-year flood, and construction costs alone were estimated at $800 million~Klepal, 2001!. These deep tunnel solutions to flooding caused by excess impervious surface have been implemented in other US cities, including Cleveland~Ohio!, Milwaukee~Wisconsin!, and Chicago, usually at a cost much greater than originally expected and with mixed results in terms of water-quality improvement~Ab Razak and Christensen, 2001; Hawthorne, 2011!.
Decentralized, parcel-scale storm-water abatement is one alternative to these large, centrally managed deep-tunnel projects~Thurston et al., 2003!. A parcel-scale focus allows storm-water problems to be more tightly linked to land use by owners, and allows rights to the infiltration capacity of a watershed to be traded among parcel owners~Parikh et al., 2005!. Tradable allowances for watershed management are gaining popularity in the US, and most of these allowances focus on nutrients, toxics, or other pollutants that impact water quality~Thurston et al., 2003!. Water quality has specific benchmarks or limits set by the Clean Water Act that are necessary for the trading system to operate properly~Parikh et al., 2005!. Water quantity~that is, flooding! is an equally critical problem, but does not have similar benchmarks or limits, posing a problem for establishing an allowance market that could reduce runoff cost effectively. Thurston et al.~2003! illustrated a theoretical comparison between a centralized and decentralized storm-water abatement approach by using the $800 million cost estimate of the deep-tunnel project. They demonstrated that the cost per volume of storm water abated could be halved by using the decentralized storm-water management practice approach.
Another benefit of parcel-scale storm-water abatement is that the entire stream network downstream from the parcel may realize ecological benefits. For example, nutrient loading to streams may be reduced if infiltrated storm water is subject to biotic or abiotic nutrient removal during transport through soils~Angier and McCarty, 2008!. Parcel-scale storm-water abatement may also reduce storm flow rates and increase base flow rates in affected stream networks, which in turn may increase the diversity and productivity of lotic assemblages @Konrad and Booth, 2005; Walsh et al., 2005~and references therein!#. Increased biological productivity within stream networks may further improve water quality by converting inorganic nutrients in stream flow to organic matter or gases, important functions to measure when considering impacts of drought, development, or other disturbances to aquatic ecosystems Nimick, Gammons, and Parker, 2011!. Deep-tunnel solutions provide none of these ecological benefits to headwater stream networks.
With the notable exception of the Australian Little Stringybark project~Fletcher et al., 2011!, there are few proof-ofconcept cases involving citizens and watershed-wide retrofit using distributed storm-water management on private land.
We developed a long-term project in 2004 to assess the viability of voluntary economic incentives to place rain gardens and rain barrels in a suburban watershed near Cincinnati, and to evaluate the effectiveness of these practices in reducing the impacts of storm-water runoff. The project goal was to understand whether voluntary incentives were effective at distributing storm-water management throughout a small suburban catchment, and whether the number and placement of rain gardens and barrels were sufficient to alter the hydrology, water quality, and aquatic biology of the catchment. Given the complex social and economic dynamics that occur at this scale, implementation of green infrastructure requires just such a multidisciplinary approach~Mysiak, Guipponi, and Rosato, 2005; Pataki et al., 2011!.
Site Details and Methods
The Shepherd Creek catchment in Cincinnati is an approximately 1.8-km 2 mixed-land-use catchment~Figure 1! typ- ical of 1960s-1980s American single-family residential construction. The subdivisions were built on leveled loess predominantly silt loam and silty clay loam soils! hilltop areas that sit over calcareous shale and limestone formations with moderate slopes. Storm-water runoff from transportation surfaces and structures was routed into three storm-water outfalls into the intermittent headwaters of Shepherd Creek. Runoff also results from infiltration and saturation excess, or direct runoff mechanisms from forested, equestrian~especially a bare-soil horse exercise area!, and low-density residential dwellings. A city park occupies the eastern side of the watershed and was used as a reference area~Sub5 and Sub5a!, with a complementary reference in the northeast of the catchment~Sub4; Figure Dissolved oxygen, water temperature, and photosynthetically active radiation~PAR! were measured at a 5-minute interval at two locations separated by 30 m~33 yards!. The air-water gas exchange rate was measured 15 times during the study using deliberate tracer additions~e.g., sulfur hexafluoride and rhodamine!. Daily GPP and ER were calculated from the reaeration corrected dissolved-oxygen budget for the experimental reach as described in Marzolf, Mulholland, and Steinman~1994!.
We took a decentralized, parcel-based approach to reduce storm-water quantity in the Shepherd Creek catchment with rain gardens and rain barrels. These practices were relatively easy to implement, aesthetically pleasing, and effective both in the disconnection of impervious area that is otherwise directly connected to sewers and in the detention of storm-water runoff. The retrofit management practices offered in the auction were up to four 284-liter~75 gallon! rain barrels and a single 16-m 2 rain garden per property. The rain barrels had screened inlets and attached hoses, and were set under roof downspouts with the barrel overflow pipe placed in the adjacent downspout drain. Rain gardens were installed in the lawn by tilling the soil with a walk-behind mini-excavator to 0.5 m and amending with leaf compost or fine-milled peat moss. For sites with favorable topography, a trench was opened for a tile underdrain to promote rooting zone drainage after heavy rains. Where topography prevented placement of an underdrain, rain gardens were excavated to 0.66 m so that the additional depth would offer a deeper rooting zone and more soil pore space, thereby increasing infiltration capacity. Capacities of rain gardens were 3.85 and 4.27 m 3 for gardens with and without underdrains, respectively.
The management practices were distributed to landowners via a reverse auction. To start this auction process and engage citizens, a preview mailing, door-hanger reminder, auction package, and follow-up reminder were sent out consecutively, with approximately 1 1 2 _ weeks between each contact. These materials explained the benefits of reducing the quantity of storm-water runoff and included a bid form. The incentive given to successful bidders was a onetime payment of their bid amount, a rain garden and up to four rain barrels for free, and three years of maintenance on their rain garden and rain barrel~s!. We assumed that the bid amount reflected a mix of landowner values regarding decentralized storm-water management, opportunity costs of dedicating their land to storm-water management objectives, and other nonmarket values. At the end of the auction period, bids were evaluated based on a metric of effectiveness determined by dividing the total bid cost by a parcel-specific index of projected environmental benefit. This index, which we refer to as the environmental benefits index~EBI!, was designed to be a simple, informative, repeatable technique for quantifying the potential environmental value of placing storm-water management practices on the property~Thurston et al., 2010!. The EBI for rain gardens was based on the amount of potentially infiltrated storm-water runoff and the proximity of property to a stream channel. Potential infiltration of runoff was determined by using percent of total impervious area~TIA! on the parcel and soil drainage characteristics. The EBI for rain barrels was based on the potential amount of water that would otherwise be lost to direct connection or conveyance to storm sewers. Environmental value for rain barrels was maximized wherẽ a! higher numbers of barrels were requested and~b! the roof gutter downspouts were wholly or in part connected to storm sewers. The resulting metric was ranked across bidders, and those with the highest scores~least cost and highest effectiveness! received storm-water management practices until funds were exhausted.
We used a before-after-control-treatment~BACT! experimental design~Faith, Humphrey, and Dostine, 1991! with a mixed-model form of analysis of variance~ANOVA! implemented in SAS~version 9.2; SAS Institute, Cary, NC! to analyze stream discharge data. We removed base flow from the analysis to reduce the impact of left censoring and accuracy at very low flows, limiting the model input data to storm-response hydrographs. We incorporated an autoregressive~AR!~Box, Jenkins, and Reinsel, 1994! component to the model to account for temporally variable, poorly constrained or unconstrained effects on stream discharge, such as antecedent soil moisture levels, and to allow for differing lags in storm-response times between the treatment and control watershed subcatchments. We modeled seasonality by using a sine and cosine sinusoid with a period of one year and linear trend with Julian date. Radar-derived precipitation was included as a lagged covariate. Study period was classified as pretreatment, installation, or treatment. Treatment status was 0 for all subbasins during the preinstallation period, 0 for control basins throughout the study, and 1 in the experimental basins after treatments were imposed. Coefficients for all predictor variables were then solved for in three groupings, including subbasin, study period, and treatment status. This arrangement allowed for predictor relationships of discharge to vary, and be partitioned by subbasin, treatment period, and treatment response.
All of these variables were treated as random effects in the model. The effects were incorporated into the model within three groupings to enable partitioning of treatment from nontreatment responses, and further partitioning of the nontreatment responses between those to individual basin characteristics and those due to temporally varying nontreatment effects such as differing rainfall patterns across study periods. Parameter-level responses were not tested in this model. Each grouping allowed the effects it captured to differ between rising and falling limbs of the hydrographs because these are influenced differently by effects such as basin characteristics and rainfall intensity. The first grouping was by hydrograph limb and study period~Limb 3 Period!, the second grouping was by hydrograph limb and subcatchment~Limb 3 Basin!, and the third grouping was by hydrograph limb, subbasin, and period~Limb 3 Period 3 Basin!. The Limb 3 Period grouping captured nontreatment effects for hydrograph limbs that differed only across study periods but not basins, and the Limb 3 Basin grouping captured nontreatment effects for hydrograph limbs that differed only across basins but not study periods. Because treatments were imposed on only a subset of the basins and only during the latter study period, treatment effects should have been captured by only the third grouping, Limb 3 Period 3 Basin, which allowed for variation across both study period and study basins. After running this model, we conducted an overall test of the significance of the treatment effects by rerunning a reduced form of the model that excluded the treatment effect grouping, Limb 3 Period 3 Basin, and conducting a full-versus-reduced test for random-effects models~Bardenheier, 2009!.
Results and Discussion
We held two auction events, one each spring in 2007 The distribution of these storm-water management practices was uniform throughout the headwater area of the watershed~Figure 2!, although it appeared that clusters of successful bidders developed, especially in the neighborhood that drained to the N1 outfall~Figures 1 and 2!. Nearly 55% of responders bid $0 for the rain barrels, which indicated that no-cost storm-water management installations and three years of maintenance constituted a sufficient incentive for citizens~Thurston et al., 2010!. Bid requirements were relatively low @the average bid was $70.12 for rain gardens and $36.44 for each rain barrel~2008 dollars!~Thur-ston et al., 2008!#, and this, in addition to the large proportion of $0 bids, indicates that costs for this type of stormwater management program may be lower than expected Table 1 !. There were half-again as many bids made in the 2008 auction, suggesting that the installations in the first year encouraged additional landowners to engage in stormwater management~Thurston et al., 2010!.
Traditional ANOVA for the BACT design was unable to discern any significant treatment effects~installation of rain gardens and rain barrels! at the catchment scale. However, a reduced-versus-full model test for the AR-enhanced models indicated that treatment effects were significant~p , 0.01!, as reflected by the standard model fit assessment parameters provided in the SAS output~Table 2!. The full model at the neighborhood scale detected small effects. Based on the magnitudes and significance tests for individual parameters, the sensitivity of the AR-enhanced model was primarily due to the incorporation of temporal offsets.
In excess of 90% of the effects captured by the model were partitioned into the nontreatment groupings for individual basins~Limb 3 Basin! and study period~Limb 3 Period!, but 6% of the effects captured by the model were partitioned to the treatments~Limb 3 Basin 3 Period!. Shuster and Rhea~in review! provide further analysis and discussion of the nontreatment effects. The impacts of parcel-level management were apparently limited by the predominance of transportation surfaces that contribute proportionally greater amounts of runoff compared to downspout and sheet flow from parcels to runoff production. The small treatment effect may also be due to hydrologically suboptimal placement of rain gardens. We negotiated with the landowner regarding the location of rain gardens on their properties, and in some cases these locations did not catch all sheet flow or runoff from disconnected impervious surfaces~such as roof downspouts!. We speculate that the small overall treatment response, based on available data, is reasonable, given the relatively small percentage of connected impervious area in the subbasins that was disconnected by the rain barrels and gardens. Based on previous work by Shuster et al.~2010!, we did not expect the treatment effects of parcel-level runoff controls to persist much past the spatial scale of the neighborhood outfall. This implies that impacts of treatments on storm-water quantity will be greatest where practices are most dense as predicted by Shuster et al.~2010! and, in this case, at the neighborhood outfall N1~Figure 2!.
Pretreatment water-quality and biological data indicate a stream system saturated with constituents of road salt~ap-plied for winter-season ice control! and poor overall microbial water quality~most likely due to older, on-site septic systems!. For at least the water-quantity aspect, these significant~albeit small magnitude! changes apparently occurred over a long period rather than in well-defined pulses. Stream periphyton communities were dominated by bluegreen algae~division: Cyanophyta! at all streams. Macroinvertebrate assemblages varied among subbasins~Figure 3!. There was consistently low average richness~15.5-19.5 taxa! and low proportion of sensitive Ephemeroptera, Plecoptera, and Trichoptera~EPT! taxa~Figure 3!. The waterquality and biotic communities are typical of small, suburban, headwater streams, and demonstrate substantial a Smaller values~i.e., closer to negative infinity! for AIC, AIC C , BIC, CAIC, and HQIC indicate better fit. The models were fitted by using restricted maximum likelihood, and the x 2 values are for the root mean likelihoods~RMLs!. b AIC C , Akaike's information criterion-corrected; BACI, before-after-control-impact; CAIC, consistent Akaike information criterion; SAS, SAS Institute, Cary, NC. potential for improvement with green infrastructure. However, preliminary analysis revealed limited treatment effects A.H. Roy, unpublished data! and suggests that any increase in biotic integrity is likely to require many more than the three posttreatment years that we monitored, because aquatic species would need time to recolonize improved reaches after water-quantity and water-quality improvements.
Stream hydrology has been suggested as the primary controlling factor of the structure of aquatic communities Konrad and Booth, 2005!. The small treatment effect of a slight decrease in storm-water quantity resulting from experimental treatments is therefore unlikely to produce a hydrologic shift sufficient to change the structure of the aquatic communities in Shepherd Creek subcatchment areas. The primitive, ephemeral stream channels that developed out of the transient flows from neighborhood outfalls might change in response to our interventions, though these areas were not monitored for biological impacts. We had a relatively straightforward approach to monitoring the flashy flows at neighborhood storm-water outfalls, and this was easily implemented. On the other hand, the primitive nature of the streams would have required monitoring different types of taxonomic groups than the subcatchment drainage areas, and the level-of-effort fell outside of our resource base for this project. It would benefit future projects to emphasize a nested-scale monitoring approach for hydrology, water quality, biology, and habitat quality.
To assess the effects of decentralized storm-water management practices on stream health, we intensively monitored several components of stream-ecosystem structure, including the composition of the macroinvertebrate community, periphyton abundance, and stream flows~as discussed earlier!. However, there is growing concern that measures of stream health should include aspects of stream ecosystem function, which provide an integrative measure of energy and material flows through the ecosystem~Bunn and Davies, 2000!. Direct comparisons of functional and structural measures of stream health are rare but suggest that the two are not always coupled. For example, changes in aquatic community structure can occur without a corresponding change in stream function @e.g., functional redundancỹ Colón-Gaud et al., 2010; Testa, Shields, and Cooper, 2011!#. Similarly, changes in ecosystem function may occur without any measurable change in community structure. This suggests that monitoring programs based on structural measures of stream health could lead researchers to conclude that a treatment~e.g., parcel-scale storm-water abatement! had no effect, when actually the treatment did affect stream ecosystem function.
To explore the potential of including measures of stream ecosystem function in future investigations of the effects of parcel-scale storm-water abatement on stream health, we monitored ER and GPP, two important components of stream ecosystem function, daily in 2009-2011. GPP showed large seasonal variations, with the highest rates observed during the spring~mean 5 7.4 g O 2 m 22 day 21 ! and the lowest during the summer~mean 5 0.3 g O 2 m 22 day 21 !. PAR at the stream surface explained 48% of the variation in GPP~p , 0.001! and was strongly influenced by the degree of canopy shading. The highest PAR values were observed prior to leaf-out during the spring, and the lowest values occurred during the summer when the riparian canopy was fully developed. ER was closely related to GPP in the spring and winter~r 2 5 0.30, p , 0.001! and was stimulated by leaf inputs from the riparian forest during the fall. GPP was immediately suppressed by storm pulses in the spring, which increased turbidity and physically disrupted the benthos. The Shepherd Creek project showed that an incentive that is well tuned to policy objectives, environmental goals, and landowner interests was an effective approach to placing storm-water management onto private property. The rain garden and rain barrel combination imparted some degree of sustainable catchment-level detention of storm water through low-maintenance and aesthetically pleasing features that citizens would be unlikely to decommission. The fact that these decentralized practices made a small but statistically significant impact on catchment hydrology at the neighborhood scale is encouraging.
Conclusions
Two rounds of reverse auctions in 2007 and 2008 placed 176 rain barrels and 83 rain gardens onto private property. This confirmed that the incentive of free rain gardens and rain barrels and a bid amount was viable to encourage implementation of storm-water management practices on private property.
The treatment had an overall small but statistically significant effect of decreasing storm-water quantity at the subwatershed scale. Mitigation of runoff from predominant transportation surfaces remains a challenge.
Our study functioned as a living laboratory whereby processes were studied at the ecosystem and community levels to understand not only management of storm water but also the role that suburban streams may play in the regulation of catchment nutrient and energy flows.
This parcel-scale, multidisciplinary approach to installing green infrastructure throughout a developed, urban watershed contributes to a growing collection of demonstration projects~e.g., Altor, 2010; Oberndorfer et al., 2007!, which collectively suggest that these approaches are feasible and desirable. Future research should focus on quantifying environmental benefits and the value of ecosystem services delivered to local residents from these decentralized green infrastructure projects, and on developing environmental policy at multiple levels to simplify these parcel-scale approaches.
The number of $0 bids for rain gardens and rain barrels suggests that a sizable number of property owners are willing to participate in a decentralized program for stormwater management. Local storm-water authorities could start with an education and survey campaign to understand the familiarity that property owners have about stormwater issues and their willingness to devote space on their property toward solving the issues. A pilot project in one or more small watersheds would help determine how best these rain gardens and rain barrels can be distributed for the most improvement at the least cost. Larger distribution systems would likely need to find a novel source of funding and may be more difficult to administer unless the area was divided into smaller watersheds that could be addressed in phases.
